Implementation of socially acceptable and environmentally desirable solutions to soil erosion 20 challenges is often limited by (1) fundamental gaps between the evidence bases of different 21 disciplines and (2) an implementation gap between science-based recommendations, policy 22 makers and practitioners. We present an integrated, interdisciplinary approach to support co-23 design of land management policy tailored to the needs of specific communities and places 24 in degraded pastoral land in the East African Rift System. In a northern Tanzanian case 25 study site, hydrological and sedimentary evidence shows that, over the past two decades, 26 severe drought and increased livestock have reduced grass cover, leading to surface 27 crusting, loss of soil aggregate stability, and lower infiltration capacity. Infiltration excess 28
before' and (iii) 'bounce back to normal', to (iv) bounce back better [29] . Examples of 'bounce 113 back better' tend to be cited in the context of natural hazard impacts e.g. the development of 114 community coping mechanisms to drought and flood impacts, linked to climate change, that 115 were both (a) community-led [30] and (b) NGO/aid-sponsored livelihood adaptions [31] . In 116 terms of responses to soil erosion, archaeological evidence has been interpreted to indicate 117 marked episodes of soil erosion associated with development and then subsequent 118 decline of civilizations [32] . While such evidence has been pitched as a 'collapse' 119 response, recent analysis of contrasting archaeological cases [33] indicates a diversity of 120 responses to severe erosion that in part relate to the nature of substrate and role of 121 tillage in soil production but more importantly how erosion itself can engender sound 122 ecological behaviours and socio-technical innovation in organised societies (cf. [16] ). 123
Indeed diversity of response might be expected given recently reported global variability in 124 spatial and temporal effects of land use change in different development contexts [34] and 125 inevitable differences in socio-cultural approaches to soil conservation. Recent analysis has 126 predicted that greatest increases in soil erosion rates into the 21 st century will occur in Sub-127 Saharan Africa, South America and Southeast Asia [34] . In the context of above 128 complexities, attention needs therefore to focus on co-production of sustainable land 129 management practises in the Global South. 130 131
An interdisciplinary approach to realising land management change 132
The intractability of soil erosion and land degradation problems can only be addressed 133 though inter-disciplinary collaboration, rather than a narrowly sectoral approach. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In order to overcome the interdisciplinary gap, the project design ( Figure 1 ) included both 141 natural and social scientists from the outset, working in the same region and communities at 142 the same time. This ensured that there was spatial and temporal congruence between the 143 results from different disciplines, with findings being as commensurable as possible and 144 minimising the risk of a "false diagnosis" based on one disciplinary view. Each discipline 145 contributed specific knowledge: physical geography and agricultural science to evaluate 146 erosion processes impacts of land management; human geography to evaluate community 147 resilience response to degradation; social psychology to explore existing behaviour change 148 approaches wherein social/ group processes are likely to be a key to bringing change. This 149 first stage drew on knowledge and expertise equally from researchers in the host country 150 (Tanzania) and donor (UK). Secondly, the implementation gap, i.e. between policy makers 151 and practitioners, was bridged by engaging local stakeholders in the co-design of land 152 management policies. Here, the discipline of ecological design thinking was integral in 153 integrating concepts and underpinning participatory action. Against this challenging context, 154 our programme of interdisciplinary research in Northern Tanzania sought to (1) develop 155 knowledge of complex interlinkages between soil degradation, climate change, and 156 community processes in the past and present landscape , and (2) test a participatory 157 approach[35] to underpin co-designed soil conservation and restoration strategies in the 158 future. This was based around three key transferable steps: (a) defining the problem, (b) 159 identifying pathways to change and (c) facilitating action (Figure 1) . 160
Methods 161 162

Study area: Lake Manyara basin, northern Tanzania 163
The EARS region has the highest catchment sediment yields of sub-Saharan Africa[36] 164 linked in part to topography and rainfall (semi-arid climate with bimodal rainfall pattern) but 165 also to recent and historic land conversion to agriculture and, in particular, increasing 166 livestock numbers on grasslands. Indeed recent analysis [34] has shown that the poorest 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 tropical countries are most susceptible to high levels of soil erosion and this will be further 168 challenged by growing populations, in the absence of soil conservation strategies. In the 169 EARS, extreme drought and rainfall events, which are already a characteristic feature of 170 tropical climatology e.g. linked to ENSO or IOD [37, 38] , are widely believed to be changing 171 in magnitude and/or frequency with global climate change [39] . In this context, we selected 172 the Lake Manyara catchment system in Tanzania (developing and testing a conceptual process1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 model), and (IV) Help (co-designing an intervention and testing its effectiveness). 
Identifying pathways to change 239
Key objectives regarding pathways to change were to identify (a) suboptimal practices that 240 need change to manage the problem successfully and (b) opportunities for practice change 241 and processes to be targeted in an intervention. To evaluate interlinkage between the 242 ecological problem and social drivers, a mixed-method inductive approach was used to 243 identify stakeholder perceptions. A series of 17 semi-structured interviews (13 male 244 participants, 4 female) were conducted with pastoralists and farmers living in the areas 245 where the soil samples were collected (n = 14), as well as with other stakeholders (e.g., 246
representatives of farmer organisations and local government). The interviews focussed on 247 stakeholders' awareness of the soil erosion problem, its perceived reasons and impacts, 248 understanding of problematic land management and cattle-keeping practices, and perceived 249 barriers and opportunities for adopting new land management approaches. A selection of 250 key land management practices to focus on was informed by natural science insights. Each 251 and interview data analysis, a stakeholder workshop was held to (i) exchange knowledge 258 between researchers and the study communities, (2) explore the opportunities for co-design 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 impacted areas had an unsaturated hydraulic conductivity less than 10 mm hr -1 with a 280 for their livelihoods (such as reduced availability of pasture and poorer soil quality), and 290 concerns about the future (such as opportunities for the next generation to make a living). 291
Participants reported a strong shared perception that action needs to be taken to address 292 the problem. They spoke about a range of solutions they are practicing, directed both at the 293 adaptation to the existing erosion (e.g., filling the gullies with branches or manure) and the 294 mitigation of future damage (e.g., building barriers on farmland, using contour cultivation, 295 hole planting, chemical weeding). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 [48]. Values were notably low (<10) for soils from the mid elevation region (AA) and lowland 308 plains (AP) which also had the lowest organic matter content (6 -7 % loss on ignition). Soils 309 in the upper mid elevation rangelands (LA) showed high variability (RSSI 15 -70) which 310 might be related to widespread evidence of sheet erosion that had removed up to 30 mm 311 topsoil in places as indicated by grass root pedestals (Figure 3b ) although organic matter 312 content at this site was surprisingly consistent and greater than the lowland sites (Inter 313
Quartile Range 8-9 %). The greatest RSSI (ca 80) was observed at the upland site (EE) 314 coinciding with highest organic matter content in rangeland sites (IQR 8-10.5%). This can, in 315 part, be linked to higher rainfall at this elevation reflected in notably richer grass cover 316 
322
In this regard, many participants expressed an understanding that current practices would 323 need to be adapted to reduce further soil erosion, and some participants showed awareness 324 that reducing cattle numbers would be an important step and/or diversification of land 325 management approaches. However, the interviews also revealed a number of barriers that 326 stand in the way of achieving this. In line with previous research [58] , some of the most 327 pertinent issues include the central place that cattle-keeping occupies in Maasai identity, the 328 status-signalling value of large cattle herds, the function of cattle as a liquid asset (i.e., as 329 the equivalent of a savings account), and the perceived risks associated with alternative 330 livelihoods (such as mixed or predominantly cropland agriculture). These issues may act as 331 a brake on effecting change on an individual level and lock pastoralists into pathways 332 maintaining herd sizes at unsustainable levels, limiting land management change through 333 26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Evidence of sheet erosion at all sites requires some consideration against the extent of 336 erosion due to incision by rills and gullies (Figure 3d) . Gully erosion represents a major 337 sediment source despite occupying a relatively small proportion of the catchment area [59] . suggested that there is a lack of cooperation within communities in managing shared (as 368 opposed to privately owned) land resources. While some communities appeared strongly 369 cohesive, others found it difficult to secure cooperation in the face of a shared problem. The 370 interviewees also mentioned that past devolution of responsibility for managing natural 371 resources to communities may not always be effective. In particular, there seems to be a 372 Page 14 of 33 AUTHOR SUBMITTED MANUSCRIPT -ERL-105786. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lack of robust governance structures that would be well placed to protect local natural 373 resources (e.g., highland forests) from encroachment. 374
diversification. 334
Within this framework, the development of the gullied landscape and changing balance of 376 sheet to gully erosion during this process was a key question with respect to stratigraphic 377 interrogation of downstream lake deposits. The 100 cm core recovered from the exposed 378 lake bed surface of Nanja lake (Figure 1d 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 rebalancing between socio-economic and ecological resilience. Despite the constraints and 424 barriers described above, participants demonstrated significant openness to change in the 425 face of land degradation evidence. Many participants talked about the high value that they 426 placed on education, and actively welcomed the opportunity to develop their knowledge. 427
There was also a shared understanding of the need for change to enable land conservation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A number of pathways to change emerged from interview data (Table 1) , including learning 429 from negative experiences (e.g., losing cattle during a drought), the importance of formal 430 education (e.g., children learning new ideas about sustainable practice at school and 431 transmitting these to their parents), inter-community exchange, and NGO-driven, as well as 432 government-led, education and support. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 exemplifying the benefit of multi-stakeholder participation [35] in a non-hierarchical setting. 457
The above shifts, in combination with the post-workshop evaluation, demonstrate that the 458 proposed appoach has a strong potential for future impact on land management practices. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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During major social transitions, the environment is at greater risk of degradation as socio-497 economic processes overlay and amplify environmental ones. The early stage of such 498 transitions is the critical point at which to implement interventions, grounded in participatory 499 engagement, for environmental protection and sustainable resource management, especially 500 in the context of soil which is non-renewable in human timeframes. New concepts in 501 transformative science thinking [66] emphasise the importance of deepening our 502 understanding of on-going socio-ecological transformations and increasing societal capacity 503 for reflexivity. Holistic, interdisciplinary systems thinking is required to deliver outcomes that 504 empower local communities to break out of the vicious circle of land degradation. 505
Consequently, we propose here a framework (Figure 6 ) within which degradation problems 506 associated with multi-scalar social transitions (e.g. pastoralism to mixed agri-pastoralism, 507 rain-fed to irrigated agriculture, population expansion and response to climate variability) 508 occurring across East Africa may be tackled. 509
510
In effect, guided by specialist knowledge, the approach enables practitioners to access new 511 knowledge, develop problem understanding and new behavioural norms, and become local 512 policy-makers [cf [69] ].These processes can lead to sustainable change in land management 513 practice, enabling landscape recovery and increased community well-being. This approach 514 is grounded in a close interaction between natural and social science bases, closing the 515 interdisciplinary gap. Environmental diagnostics evidence for a rapid onset of soil erosion 516 supports local community narratives of recent landscape change and contributes to 517 stakeholder understanding of the problem; quantifying baseline conditions beyond current 518 social memory further evaluates the impact of historic societal transitions. It also actively 519 involves stakeholders in the process of developing solutions, thus closing the 520 implementation gap. Immediate impacts of this approach being implemented in the case 521 study area are manifest in locally-enforced restriction and exclusion of cattle from severely 522 damaged land around village meeting areas to allow recovery and stabilisation, spontaneous 523 and strategic planting in gullies to create sediment traps, and establishment of firm 524 stakeholder-policy maker channels for local byelaw co-design. Future research steps require 525 quantitative evidence for natural and social processes identified as barriers to change, 526 triangulating this knowledge through stakeholder engagement, and co-designing an 527 intervention strategy targeting key barriers to sustainable land management practice. By 528 doing this, we aspire to tackle successfully the soil erosion challenge and create change that 529 is both environmentally sustainable and community-driven. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 23 of 33  AUTHOR SUBMITTED MANUSCRIPT -ERL-105786.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 24 of 33 AUTHOR SUBMITTED MANUSCRIPT -ERL-105786. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 25 of 33  AUTHOR SUBMITTED MANUSCRIPT -ERL-105786.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 26 of 33  AUTHOR SUBMITTED MANUSCRIPT -ERL-105786.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 27 of 33  AUTHOR SUBMITTED MANUSCRIPT -ERL-105786.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 87x87mm (600 x 600 DPI)
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